The CREM gene encodes both activators and repressors of cAMP-induced transcription. By virtue of an alternative, intronic promoter within the gene, the ICER (Inducible cAMP Early Repressor) isoform is generated. ICER acts as a dominant negative regulator and is cAMP-inducible in various neuroendocrine cells and tissues. ICER negatively autoregulates its own expression, and appears to participate in the molecular events governing oscillatory hormonal regulations. Here we report that ICER is inducible with nerve growth factor (NGF). This is the ®rst example of cAMP-independent induction of ICER expression. Importantly, induction by NGF occurs via a subset of the CREs present in the ICER promoter which were previously shown to direct cAMP-inducibility. ICER induction correlates with a NGF-mediated phosphorylation of CREB. Both CREB phosphorylation and ICER inducibility require an intact Ras-dependent signalling pathway. We show that increased ICER levels result in the attenuation of c-fos expression. The activation of a powerful repressor of cAMP-responsive transcription by NGF, whose transduction signalling is cAMP-independent, constitutes a notable example of nuclear cross-talk and thus is likely to have relevant physiological implications.
Introduction
Transcriptional regulation coupled to the cAMPdependent signalling pathway is elicited via nuclear activators which are the products of the CREB, CREM and ATF-1 genes (Roesler et al., 1988; Hai et al., 1989; Zi, 1990; Lalli and Sassone-Corsi, 1994; Sassone-Corsi, 1995) . The CREM gene, because of its modular structure, also generates antagonists of cAMP-induced transcription (Foulkes et al., 1991a; Delmas et al., 1992; Stehle et al., 1993; Molina et al., 1993) . In particular, an alternative promoter (P2) which lies within an intron near the 3' end of the CREM gene (Stehle et al., 1993; Molina et al., 1993) , directs the transcription of a truncated product, termed ICER (Inducible cAMP Early Repressor). The ICER open reading frame corresponds to the C-terminal segment of the gene and generates a protein that, compared with the previously described CREM isoforms consists of only the bZip DNA bindingdimerization domain. The bZip domain directs speci®c ICER binding to a consensus CRE element (Stehle et al., 1993; Molina et al., 1993) . ICER is able to heterodimerize with CREB and thus to function as a dominant repressor of cAMP-induced transcription.
The expression of ICER was ®rst described in the pineal gland where it is the subject of a dramatic circadian pattern of expression (Stehle et al., 1993) . Additional evidence implicates dynamic ICER expression as a general feature of neuroendocrine systems Lalli and Sassone-Corsi, 1995; Monaco et al., 1995) . The key feature of ICER is its cAMP-inducibility. This makes ICER the only CREbinding protein whose function is physiologically regulated by alteration in its cellular concentration.
ICER inducibility is achieved via the unique organization of its regulatory region. The CREM P1 promoter generates all CREM isoforms, is GC-rich and not inducible. In contrast, the intronic P2 promoter has a normal A-T and G-C content and is strongly inducible by cAMP . It contains two pairs of closely-spaced CRE elements organized in tandem. Binding studies have demonstrated that these four sites in the P2 promoter are recognized speci®cally by CRE-binding proteins, such as CREB and ICER Lalli and Sassone-Corsi, 1995) . In all analyses conducted to date, it has been shown that ICER expression is not inducible by phorbol esters, dexamethasone and growth factors . These notions and the restriction of ICER inducibility to the cAMP-dependent signalling pathway had suggested a well-de®ned, non-promiscuous function for this powerful repressor.
Here we report the ®rst case of ICER inducibility via a cAMP-independent pathway. In PC12 pheochromocytoma cells ICER expression is rapidly and transiently increased upon a dierentiating treatment with nerve growth factor (NGF). We show that induction of ICER expression by NGF occurs via a subset of the promoter elements which have been shown to direct cAMP-inducibility. NGF-induced ICER expression coincides with phosphorylation of the CREB activator. Both CREB phosphorylation and ICER inducibility require an intact Ras-dependent signalling pathway. We discuss the possible physiological implications of these results. miny, 1989; Dash et al., 1991; Sheng et al., 1991; de Groot et al., 1993 de Groot et al., , 1994 Ginty et al., 1994) . In particular, activation of transduction pathways independent from cAMP may also result in CREB phosphorylation, as for instance in PC12 cells upon NGF treatment (Ginty et al., 1994) . We investigated the kinetics of CREB phosphorylation in PC12 cells stimulated with NGF by Western blot analysis using an antibody recognizing speci®cally the phosphorylated form (P-CREB; Ginty et al., 1991) . A rapid and transient increase in the level of P-CREB was observed (Figure 1 ). Maximal phosphorylation peaks within 5 min from the beginning of the treatment and persists for 2 h. No phosphorylation is detected after 4 h. Strikingly, the NGF kinetics dier from the cAMPinduced phosphorylation. Indeed, when PC12 cells were stimulated with dBcAMP phosphorylation persisted for 20 h after the beginning of the treatment (Figure 1) . A similar pro®le of phosphorylation was observed by treating the cells with the calcium ionophore A23187, forskolin or PACAP ( Figure 1 , and not shown). In all cases the overall levels of CREB protein do not change (Figure 1 ). These results indicate that various transduction pathways converge to CREB. Phosphorylation of CREB is then likely to elicit modulation of speci®c programs of gene expression in response to distinct signalling pathways.
Induction of ICER expression upon NGF treatment
The rapid and transient phosphorylation of CREB upon treatment with NGF indicates that the expression of cAMP-inducible genes may be activated via this cAMP-independent transduction pathway. We have already reported that the transcription of the CREM gene is induced in PC12 cells following activation of the adenylate cyclase system . Induction of the CREM gene occurred via the P2 cAMP-responsive promoter and resulted in the production of the repressor ICER. Thus, we have tested the possibility that NGF could modulate ICER expression. To this purpose, PC12 cells were treated with dierent concentrations of NGF for dierent times. ICER expression was monitored by RNase protection. A slight induction is observed with 10 ng/ ml of NGF (lane 4), a signi®cant increase with 20 ng/ ml (not shown), and a robust induction with 50 ng/ml (lane 5). Induction is rapid and transient, with a peak at 2 h after treatment (Figure 2a) . A low detectable level of CREM RNA persisted until 24 h. This pro®le of CREM induction is similar to the kinetics observed in cells treated with dBcAMP, forskolin or PACAP (not shown).
The products of the ICER transcripts is a group of proteins of approximately 13 ± 14 kD, which are generated from dierent splicing isoforms (Stehle et al., 1993; Molina et al., 1993) . Western blot analyses with protein extracts prepared from control and NGF-treated PC12 cells were performed using an anti-ICER antibody. Following treatment with NGF, the levels of ICER proteins increase after 2 h and persisted during 24 ± 48 h (Figure 2b ). This inducibility pro®le is similar to what observed activating the cAMP pathway with dBcAMP, forskolin or PACAP treatment (Figure 2b ). These results con®rm our previous observations in primary cell cultures regarding the high stability of ICER proteins (Monaco et al., 1995) .
Only two CREs in the ICER promoter confer responsiveness to NGF To identify the promoter sequences responsible for the inducibility by NGF, we performed transfection experiments with the previously characterized P2 reporter plasmids. The P2 intronic promoter, which directs ICER transcription, contains a cluster of four CRE-like elements see Figure 3a) . These sites are termed CAREs (for cAMP autoregulatory responsive elements; Molina et al., 1993) and were demonstrated to be responsible for cAMP inducibility and to be the targets of ICER negative autoregulation. PC12 cells were transfected with various reporter constructs containing dierent ICER promoter fragments. Results are presented in Figure 3b and c. The reporter pICER-CAT, which contains a fragment overlapping the P2 promoter (from positions 7171 to +14) is inducible by treatment with either dBcAMP or NGF (Figure 3c ). Particularly interesting results were obtained with reporters pC1-2-CAT and pC3-4-CAT which contain the separate 1-2 and 3-4 pairs of CAREs, respectively (Stehle et al., 1993) . Our data show that transcription directed by the CAREs 3-4 is induced by NGF, while no signi®cant stimulation is obtained with the pC1-2-CAT reporter plasmid. These results demonstrate that the NGF responsiveness of the CREM P2 promoter involves sequences required for cAMP inducibility. However, the striking preference for the CARE 3-4 elements with respect to the CARE 1-2 in NGF inducibility, also indicates the involvement Kinetics of CREB phosphorylation. PC12 cells were stimulated for the indicated times with NGF (50 ng/ml), dBcAMP (1 mM), forskolin (10 mg/ml), A23197 (3 mM) or PACAP (30 ng/ ml). At the end of the treatments, protein extracts were prepared and analysed by Western blot using an antibody recognizing speci®cally the phosphorylated form of CREB (P-CREB). Constant levels of CREB protein are revealed by using an anti-CREB antibody. Results are representative of four independent experiments of a high degree of speci®city. Indeed, the cAMP response appears to be equivalent, independently from the P2 CARE elements used (Figure 3b and c).
Block of proteins synthesis enhances NGF inducibility
We have previously reported that the CREM gene bears the inducibility features of an early response gene Monaco et al., 1995) . In particular, induction is prolonged and enhanced by blocking the protein synthesis Monaco et al., 1995) , a phenomenon known as superinducibility. We have also demonstrated that superinducibility is caused by the negative autoregulation of the de novo generated ICER protein on the P2 promoter . We decided to analyse whether NGF inducibility of CREM would also be enhanced by the block of protein synthesis. Treatment of PC12 cells with cycloheximide potentiates NGF inducibility of CREM ( Figure 4 ). However, while the eect of cycloheximide on the cAMP inducibility is prolonged in time , CREM expression in cells treated with both NGF and cycloheximide returns to basal levels by 24 h after stimulation.
Dissociation of NGF-induced CREB phosphorylation and ICER inducibility
PC12 cells are known to undergo dierentiation processes following dexamethasone or NGF treatment, through pathways leading to adrenal-chromaf®n cells or neuronal cells (Schubert et al., 1980; Greene and Tischler, 1976) , respectively. Steroid treatment does not result in ICER induction . However, ICER is still inducible by NGF and dBcAMP in dexamethasone-dierentiated cells (data not shown). When PC12 cells were completely dierentiated into neuronal-like cells by several days of treatment with NGF, ICER inducibility in response to NGF was abolished (lane 2, Figure 5a ). In contrast, ICER is still inducible in response to dBcAMP in NGF-dierentiated cells (lane 3). Importantly, this dierence in ICER inducibility in response to cAMP and NGF appears to be independent from the phosphorylation state of CREB. Indeed, CREB is readily phosphorylated in NGF-dierentiated or undierentiated PC12 cells by treatment with either dBcAMP or NGF (Figure 5a ).
We also tested the eect of other signalling inducers on CREM expression. While both Epidermal Growth Factor (EGF; Ginty et al., 1994; Figure 5b ) and calcium ionophore A23187 (Figure 1 ) are able to induce CREB phosphorylation, no induction of ICER expression is observed (Figure 5b) . Treatment of cells with the tumor promoter TPA or KCl did not aect signi®cantly either CREB phosphorylation or ICER induction (not shown). Thus, CREB phosphorylation is not the only prerequisite to obtain ICER inducibility.
NGF-induced ICER expression is Ras dependent
In order to identify the signalling pathway followed by NGF to activate ICER, PC12 mutant cells were used (Thomas et al., 1992; Ginty et al., 1991) . GSrasDN1 cells contain a mutant Ras which is controlled by the dexamethasone-inducible mammary tumor virus promoter (Thomas et al., 1992) . Upon dexamethasone treatment, a dominant negative Ras mutant protein is active, which blocks the Ras-dependent phosphoryla- 5) or with 50 ng/ml of NGF for dierent times (lanes 7 ± 12). dBcAMP (1 mM) or PACAP (30 ng/ml) treatments were for 2 h. Total RNA was extracted and aliquots of 10 mg were processed for RNase protection assay with the probe p75 (Stehle et al., 1993; Molina et al., 1993) . The arrowheads indicate the 122 nt and 87 nt protected fragments. These results are representative of ®ve independent experiments. Constant levels of G6PD transcripts are indicated as internal control. (b) Time course of ICER protein levels. PC12 cells were treated with NGF (50 ng/ml), forskolin (10 mg/ml), or PACAP (30 ng/ml). At the times indicated, cells were harvested and protein extracts were prepared. The antibody used in Western blot analysis was an ICER-speci®c polyclonal antibody raised against bacterially generated ICER. The upper band in the NGF panel is the activator CREMt, a non-inducible product of the gene. Data are representative of three independent analyses tion events (Thomas et al., 1992) . Indeed, it has already been demonstrated that NGF-induced phosphorylation of CREB requires an intact Ras pathway (Ginty et al., 1994) . Using the GSrasDN1 cells treated or not with dexamethasone, we con®rm this observation and extend it to ICER induction upon treatment with NGF ( Figure 6 ). However, both CREB phosphorylation and ICER induction are seen in GSrasDN1 cells when the adenylate cyclase pathway is activated with dBcAMP (lanes 3 and 6), PACAP or forskolin (not shown).
In the PC12 mutant cells A126-1B2, which are de®cient in the type II regulatory subunit of PKA, NGF is still able to induce neuronal dierentiation (Ginty et al., 1991) . When we tested these cells following NGF stimulation for both CREB phosphorylation and ICER expression we observe that they occurred in a similar fashion as in the wild type PC12 cells (Figure 6 ). Of course, there is no induction of CREM upon stimulation of the cAMP responsive pathway in the A126-1B2 cells (not shown).
ICER represses NGF-induced c-fos expression
The physiological implications of ICER inducibility by NGF must be related to the subsequent downregulation of genes by this powerful repressor.
The c-fos gene is rapidly and transiently inducible by NGF in PC12 cells (Kruijer et al., 1985) . The temporal kinetics of c-fos expression in response to NGF are consistent with a scenario where increasing levels of ICER could be responsible for the transcriptional attenuation which follows the peak of induction (Kruijer et al., 1985) .
The regions in the c-fos promoter responsible for NGF inducibility colocalize with the serum response element (SRE; ref. Visvader et al., 1988) . Interestingly, a transforming ras oncogene induces c-fos expression via the same element (Sassone-Corsi et al., 1989) and induces PC12 neuronal dierentiation (Sassone-Corsi et al., 1989; Noda et al., 1985) . Results by Ginty et al. (1994) have demonstrated that c-fos inducibility by NGF involves also another distinct promoter element, a CRE located at position 760 (Sassone-Corsi et al., 1988). Activation through the CRE also requires a functional ras signalling pathway (Ginty et al., 1994) . Thus, we decided to investigate whether the NGFmediated induction of ICER could result in the downregulation of c-fos expression.
We transfected PC12 cells with a c-fos-CAT reporter plasmid (equivalent to FC4 in ref. Sassone-Corsi et al., 1988) containing upstream sequences up to position 7404. Coexpression of ICER resulted in a substantial repression of both cAMP and NGF-induced expression, while no eect is observed in control transfections using vectors encoding an antisense ICER transcript (Figure 7 ). Since ICER binds speci®cally to CREs and not to other recognition sequences Lalli and Sassone-Corsi, 1995 and not shown), repression is likely to be mediated by the c-fos CRE. Accordingly, we have previously shown that overexpression of CREM repressor does not repress seruminduced c-fos expression (Foulkes et al., 1991b) .
Discussion
NGF is a molecule that is required for the survival and development of sympathetic and sensory neurons in the perypheral nervous system. In addition, recent results indicate that neurotrophins are also involved in the processes of neural plasticity (Thoenen, 1995) . Here we have shown that NGF may in¯uence the program of gene expression which is under control of the cAMP signalling pathway.
Several studies have demonstrated that the CREM gene plays a remarkable role in various physiological systems in response to neuroendocrine stimuli (Sassone-Corsi, 1995) . In particular, the inducibility of the ICER repressor has been reported to occur in several tissues in response to hormonal stimulation, suggesting that it may function as a feedback regulator to shape the physiological response (Stehle et al., 1993; Molina et al., 1993; Lalli and Sassone-Corsi, 1995; Monaco et al., 1995; Foulkes et al., 1996) . Finally, the recent generation of CREM-de®cient mice by homologous recombination has con®rmed the key role played by this gene in the control of several endocrine functions (Nantel et al., 1996) .
In this work we have extended the inducibility of CREM to a signalling pathway independent from cAMP. Indeed, for the ®rst time the CREM gene is (Thomas et al., 1992) and A126-1B2 (Ginty et al., 1991) upon treatment with NGF and dBcAMP. CREB phosphorylation detected by Western blot analysis using the anti-phospho CREB antibody. GSrasDN1 cells were cultured during 12 h in the absence or presence of dexamethasone (600 nM) to express the dominant-interfering Ras mutant and then treated with NGF (50 ng/ml) or dBcAMP (1 mM) for 2 h (or 10 min for P-CREB). The PKA-de®cient PC12 cells, A126-1B2, were treated with NGF for 2 h (or 10 min for P-CREB). These results are representative of three independent experiments shown to be inducible by treatment of PC12 cells with NGF. Thus, the cAMP-inducible repressor ICER may intervene in a distinct regulatory pathway. For instance, it is reasonable to hypothesize that a cAMP-inducible gene may be down-regulated by increased ICER levels upon induction by NGF. In addition, our results indicate that ICER is able to down-regulate c-fos NGF-mediated expression ( Figure  7 ). This potential nuclear cross-talk augments the spectrum of CREM possible regulatory functions. Several aspects of the work reported here are noteworthy. In particular, our results provide a molecular link, at the level of gene expression, between the signalling pathways activated by NGF and cAMP. Various evidences point to intimate interactions within these two transduction systems. Indeed, NGF and BDNF (brain-derived neurotrophin factor; Leibrock et al., 1989) have been shown to induce cAMP response in PC12 cells (Knipper et al., 1993) while cAMP has been shown to activate the MAP (mitogen-activated protein) kinase cascade in the same cells (Frodin et al., 1994) . In addition, treatment of PC12 cells with PACAP, a adenylyl cyclase-coupled agent, has been reported to induce neurite outgrowth in manner similar to NGF (Deutsch and Sun, 1992) . The signalling pathway coupled to the NGF receptor, Trk, results in the activation of several kinases. Trk is a receptor tyrosine kinase which, once activated, stimulates the activity of the small GTP-binding protein Ras (Kaplan et al., 1991; Klein et al., 1991; Qiu and Green, 1991) . Activation of Ras triggers the MAPK pathway, which includes the MAP kinase kinase (MEK) and the ribosomal S6 kinase pp90 rsk (Thomas et al., 1992; Wood et al., 1992) . Interestingly, in addition to the activated Ras (Noda et al., 1985) , also constitutively active MAPK and MEK are able to induce neurite outgrowth in PC12 cells (Cowley et al., 1994; Fukuda et al., 1995) indicating a direct role of this pathway in eliciting the changes in gene expression required for the neuronal dierentiation program. Although MAPK and MEK have not been shown to be directly phosphorylate CREB, the use of cells expressing a dominant-interfering Ras mutant, has indicated the involvement of this pathway upon NGF-induced CREB phosphorylation (Ginty et al., 1994) . Indeed, Xing et al. (1996) have recently shown that the CREB-Kinase induced upon NGF treatment characteristics similar to pp90 rsk . Interestingly, pp90
rsk is likely to be responsible for CREB phosphorylation in human melanocytes (BoÈ hm et al., 1995) , while the other member of the RSK family, p70 s6k , also possesses CREB phosphorylation activity (de Groot et al., 1994) . The results reported here extend these observations to activation of ICER gene expression. Indeed, we have shown that the powerful activation of ICER transcription upon NGF treatment is Ras-dependent ( Figure 6 ).
Another interesting aspect of our results resides in the uncoupling between CREB phosphorylation and ICER inducibility. Although a functional correlation between these two events exist when cells are treated with dBcAMP and NGF, there are cases where CREB phosphorylation does not result in ICER induction (e.g. EGF, Figure 5b) . Thus, there must exist other prerequisites to obtain activation of the P2 promoter. Recent results in our laboratory have de®ned a refractory phase for ICER inducibility which is determined by several elements of the signalling (Lamas and Sassone-Corsi, 1997) . It would be of interest to study the molecular reasons for the lack of ICER inducibility upon EGF treatment. The ecient phosphorylation of CREB (Figure 5b) indicates that upstream components of this growth factor pathway are functional in our experimental conditions in PC12 cells. Indeed, MAPK assay of p42/p44 indicates that these kinases are active upon EGF treatment (not shown). Thus, the lack of ICER induction must reside within downstream events, presumably at the level of transcriptional regulation.
The analysis of the ICER promoter elements responsive to NGF reveals that the two pairs of CAREs behave dierently (Figure 3b and c) . While all CARE sites are responsive to cAMP (ref. 9; Figure 3b , c), CARE1-2 is refractory to NGF induction. This indicates an intriguing speci®city within CRE sequences to respond to either cAMP or NGF. There may be a code for inducibility by various agents within each CRE which could be determined by the sequence itself and/or by the promoter environment. Indeed, the c-fos CRE (TGACGTTT), which has been shown to be responsive to NGF (Ginty et al., 1994) , is dierent from the canonical palyndrome TGACGTCA. The sequence of CARE3 corresponds to a canonical CRE, while CARE4 (TGATGTCA) contains one mismatch. It would be of interest to analyse various CREs and CRE-containing promoters to establish a classi®cation of the sequences which are responsive to cAMP or to Molina et al., 1993) resulted in a repression of c-fos induced expression. As control we transfected 1 mg of a plasmid containing the ICER coding sequence in the antisense orientation (AS). These results are the average obtained from three independent experiments both cAMP and NGF. These observations lead to the conclusion that phosphorylation of CREB Ser133 by dierent kinases may result in the activation of distinct transcriptional programs. This could be achieved by dierential activation of other nuclear factors by each second messenger and consequent dierential interaction with CREB. In this respect, it would be of great importance to investigate the response of the coactivator CBP (Chrivia et al., 1993) to activation of the Ras pathway by NGF.
Materials and methods

Cell cultures
PC12 cells were grown in RPMI medium containing 10% HS and 5% FCS. GSrasDN1 and A126-1B2 cells, kindly provided by Dr Halegoua and Dr Wagner, respectively, were maintained in DMEM supplemented with 10% HS and 5% FCS. To express the dominant negative Rasmutant, GSrasDN1 cells were incubated during 12 h with 600 nM dexamethasone. Prior analysis of CREB phosphorylation, PC12 cells were starved in medium without serum. Nerve growth factor, dexamethasone, forskolin, dBcAMP and A23187 were obtained from Sigma (Mo, USA). Pituitary adenylate cyclase-activating polypeptide (PA-CAP) is from Calbiochem (CA, USA).
Protein analysis
Cells were harvested in phosphate-buered saline solution (PBS). Cell pellets were resuspended in Laemmli buer and boiled. Aliquots of these extracts were analysed by Western blot as already reported (Monaco et al., 1995) . As antibodies we used a polyclonal antibody recognizing the phosphorylated form of CREB at Ser-133 and CREMt at Ser-117 (Ginty et al., 1993 ; Upstate Biotechnology Incorporated, NY, USA); an ICER-speci®c polyclonal antibody raised against bacterially generated ICER ( Monaco et al., 1995) ; and an anti-CREB polyclonal antibody was used for determining equivalent protein loading (Upstate Biotechnology Incorporated, NY, USA).
RNA analysis
Total RNA was extracted from PC12 cells according to the method of Chomczynski and Sacchi (1987) . Aliquots of 10 mg were then analysed by RNase protection assays using the ICER-speci®c RNA probe p75 (Stehle et al., 1993; Molina et al., 1993) . This probe detects both P1 and P2 CREM transcripts. Protected fragments sizes are 40 nt for P1, and 122 nt or 87 nt for P2, depending on which transcription start site is used. Equal loading and quality of RNA were systematically con®rmed by the use of an internal G6PD probe.
Transfection experiments
PC12 cells were transfected by the calcium phosphate method using 8 mg of total plasmid DNA. After 7 h, cells were washed with medium without serum and reincubated with complete medium for 45 h. During the last 6 h prior harvest, cells were treated or not with NGF (50 mg/ml). Cells were harvested and processed for chloramphenicol acetyltransferase (CAT) enzyme activity by standard protocols. Conversion of the chloramphenicol was determined by thin layer chromatography (TLC) and quanti®ed by liquid scintillation counting of the 14 C spots on the TLC plate. The CREM reporter plasmids used have been described .
Abbreviations NGF, Nerve Growth Factor; CRE, cAMP-responsive element; CREB, CRE-binding protein; CREM, CRE modulator; ICER, Inducible cAMP Early Repressor.
